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Abstract 
Monocrystalline silicon is the basic material for many electronic applications such as solar cells or detectors. Joining 
of silicon foils is a very difficult task due to the brittleness of the monocrystalline silicon. It was shown that it is 
possible to join silicon substrates with thicknesses in the millimetre range by laser beam welding [1, 2, 3]. To 
qualify the laser based joining under industrial environment a stable process has to be ensured. In this paper an 
analysis of the laser based joining process of silicon foils with a thickness of 50 μm is presented. The welding 
process is analyzed by finite element simulation and experimental studies. The simulation shows that at the end of 
the welding process a strong deformation of the foils appears. To validate the simulation model experimental 
investigations were carried out. The simulation and experimental results correspond very well in regard of the time 
dependent behaviour of the deformation. The deformation behaviour is attributed to the buckling mechanism. 
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1. Introduction 
The laser based joining of silicon provides new applications in electronics i.e. for solar cells. The laser weld seam 
is characterized by high temperature durability. For typical applications in the electronic industry substrates with a 
thickness above 0.5 mm are used. For many photovoltaic applications a thickness of 50 μm is sufficient. The 
efficiency of the production of thin film solar cell can be increased by the use of large-area silicon foils. A roll to 
roll process for the production of silicon solar cells (Fig.1) would simplify the coating of solar cells. In order to 
fabricate large-area substrates, single small silicon foils have to be joined together. Although it is known over ten 
years that joining of silicon substrates by laser welding is feasible [1, 2, 3], the laser based welding of very thin 
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silicon foils has not been examined so far. 
 
Fig. 1. Joining of silicon tiles to large area foils for roll to roll process [2] 
Challenges are the brittle cracking of the material, the strong influence of just low stress on the material 
behaviour and the distortion which occurs very easily when treated thermally. The simulation is used to identify 
suitable temperature fields inside the silicon foil to minimize the stresses and distortions caused by the joining 
process. The physical properties and machining parameters are listed in Table 1. 
Table 1. Symbols and Machining Parameters 
Physical property symbol unit value 
Density of silicon ( T = 299 K, solid) ρ  Kg/m3 2330 
Density of silicon ( T = 1683 K, solid) ρ  Kg/m3 2300 
Density of silicon ( T = 1683 K, liquid) ρ  Kg/m3 2510 
Thermal conductivity of silicon ( T = 300 K) λ W/(m K) 67 
Melting temperature of silicon MT  K 1683 
Heat capacity Cp J/(kg K) 713 
Longitudinal expansion coefficient (T = 299 K)  1/K 2.6 · 10-6 
Young's modulus ( T = 300 K) E N/m2 130 · 109 
Yield stress S N/m
2 1180 · 106 
Complex refraction index (  = 1.07 μm, T = 300 K) n+in - 3.75 +i 0.001 
Focus radius 
0w  μm 500 
Laser power LP  W 34 
Feed velocity 0v  m/s 0.005 
2. Simulations 
To simulate the thermo mechanical characteristics of the silicon joining a transient finite element model is built 
up. The numerical simulation is modelled with the software Abaqus. The numerical model allows the determination 
of the temperature field, the stresses and the resulting deformations. For the simulation of metals a lot of work has 
been carried out, i.e. in [4].The density anomaly of silicon during phase transformation is included in the simulation 
model. Also the temperature dependent thermo mechanical material properties of silicon are considered. The 
functional dependencies of the heat capacity Cp , the heat conductivity λ, Young's modulus E, longitudinal 
expansion coefficient  and the yield stress S are taken from references [5]. The simulated silicon foils have a 
thickness of 50 μm. The dimensions of the simulated silicon foil are 20 x 20 mm. The laser is modelled by Gaussian 
intensity distribution: 
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The energy absorbed to the depth z of the silicon foil is given by Lambert Beers equation: 
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The absorption coefficient , at room temperature is expressed in terms of the imaginary part of the refractive index, 
n, and the wavelength of the laser, , according to [6] 
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The heat dissipation inside the work piece leads to an expansion of the material and therefore to a local 
displacement and stresses of the work piece. The simulation model, the material properties and process parameters 
are validated by experiments. In the following sections the experimental setup and the simulation results are 
represented. 
3. Experimental setup 
The laser source used for the experiments is a single mode fibre laser with a wavelength of 1070 nm and a 
maximum output power of 200 W. By using a TTL input signal the laser can be modulated with different duty 
cycles. To hold and position the silicon samples a clamping device is designed, which allows the alignment of two 
silicon foils to each other with three degrees of freedom. One sample can be moved in the three linear coordinate 
directions while the other sample can be rotated around two axes. The arrangement of the positioning axes is shown 
in Fig. 2. To fixate the samples onto their respective mounts there is an array of low-pressure nozzles on each 
mount. By this a planar fixation is assured without inserting additional stress into the foils. Furthermore it is possible 
to place magnetic foils onto the samples to avoid lifting. 
 
 
Fig. 2. Fastening device for weld experiments 
For the accomplishment of the welding experiments the whole device is mounted onto a motorized 4-axis system 
consisting of three linear and one rotary stage. Therewith the aligned samples are moved relatively to the stationary 
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laser beam. The process is monitored using a CMOS camera. 
4. Results and conclusions 
4.1. Simulation results 
For the theoretical analysis a blind weld through the middle of the substrate is simulated. The mesh is denser in 
this area to increase the accuracy of the simulation. In the following passage the development of temperature, stress 
and displacement over the silicon sample is displayed for different times during the process. Fig. 3 shows the 
temperature distribution for different positions of the laser spot on the sample surface. 
 
Fig. 3. Temperature distribution on the substrate surface at different times during the irradiation (P = 34 W, v = 1 mm/s, dS = 1 mm).             
Note: The sketched coordinate system and feed direction applies to all following simulation charts. 
Concentric isothermal lines shape which are moving along the weld seam with the laser spot. The heat is 
dissipated into the surrounding material relatively quick. This is originated to the relatively high heat conductivity of 
silicon (150 W·m-1·K-1). At the entry and exit points of the laser spot the heat cannot dissipate so easily which leads 
to heat accumulation (see caption for 17.8 s). 
By the inserted thermal energy stresses arise. Fig. 4 shows the allocation of the Von-Mises stresses for different 
positions of the laser spot. 
 
Fig. 4. Distribution of the Von-Mises stresses on the substrate surface at different times during the irradiation (P = 34 W, v = 1 mm/s, dS = 1 mm) 
The position of the laser spot can be determined with the help of the dark stress-relieved area along the weld 
seam (Fig. 4 at 11 s). The low stress values indicate that the material is molten at this area. In front of the laser spot a 
local stress peak develops which hurries ahead (Fig. 4 at 11 s). When the stress peak reaches the edge of the 
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substrate (after ca. 17.8 s), the stress rises in this area as a consequence of the heat accumulation. Meanwhile a 
second stress peak develops behind the laser spot. The stress within the first stress peak falls. The value of the 
second peak falls slightly during the further process and remains in the material after the laser exits the sample. The 
exact mechanisms of the second peak’s development have to be examined in detail. 
The displacement in z-direction is shown in Fig. 5 
 
Fig. 5. Displacement in z-direction at different times during the irradiation (P = 34 W, v = 1 mm/s, dS = 1 mm) 
The displacements are symmetrical to the y-axis. The pictures for 6 s and 11 s show that the laser spot generates a 
locally limited deformation. At 17.8 s a strong displacement at the end of the weld seam occurs. After the sample 
has cooled down completely (after 81 s) the plastic deformation at the exit point of the laser spot is 236 μm. 
The described deformation of the material implicates that a buckling mechanism takes effect [7]. The cause for 
this mechanism is a homogeneous temperature field over the thickness of the material. This is the case due to the 
high thermal conductivity and the very thin substrate thickness. Thereby compression stress develops perpendicular 
to the direction of irradiation which leads to buckling of the substrate. This effect is utilized on purpose to bend thin 
metal sheets [7]. As a consequence of the high thermal conductivity of silicon, the area that is heated up by the laser 
is relatively large. According to this the laser spot appears to be quite sizeable compared to the thickness of the foil, 
which is characteristic for the buckling mechanism. The analyses show, that the substrate is heated up in such a way 
that a nearly isothermal condition develops over the material thickness resulting in a very low temperature gradient 
in the z-direction. The low feed rate of 1 mm/s also contributes to this condition. The generated compression stress 
is relieved by plastic deformation within the irradiated zone. 
Because of the high initial resisting torque against plastic deformation elastic counter stress arise in the cooler 
surrounding material. During the welding process plastic and elastic stresses are in balance. The initial plastic 
deformation is brought further into the substrate by the advancing laser spot. This is visible after 6.0 s and 11.0 s in 
Fig. 5. The surrounding substrate remains planar at this time. 
When the laser spot reaches the rearmost edge of the sample, the substrate buckles as previously described. 
Through the strong heating the yield stress is lowered further and the buckling starts. The elastic and plastic stresses 
are not in balance any more and the material relieves the asymmetric stress condition by deformation. This relieve is 
marked by distortion. After the irradiation stopped the elastic deformation decreases due to the heat dissipation and 
only the plastic deformation remains. 
One way to reduce the high temperature gradients perpendicular to the direction of the beam during the process 
and thereby the induced thermal stress is to reduce the laser power. Furthermore a homogeneous preheating in 
combination with a lower laser power is very promising. Through the decrease of the high local temperature 
gradients thermal stress can be significantly reduced. In Fig. 6 a direct comparison of the Von-Mises stress which 
remains in the substrates after complete cooling is shown. On the left with a laser power of 34 W without 
preheating, on the right with a laser power of 2 W and preheating up to 1323 K. 
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 Fig. 6. Von-Mises comparison stress of the cooled substrates, a) P = 34 W b) P = 2 W with preheating up to 1323 K (v = 1 mm/s, dS = 1 mm) 
The stress that remains in the material can be significantly reduced by preheating the material and welding with a 
much lower laser power. The reason for this behaviour is that the yield stress is much lower at high material 
temperatures. The lower stress has also advantageous effects on the deformation that remains after the material has 
cooled down. The maximum displacement is 3.5 μm with preheating. 
4.2. Experimental results 
4.2.1. Blind welds 
In order to verify the applicability of the simulation model and to gain knowledge about the melting and 
solidification behaviour of silicon, blind weld experiments are conducted in a first step. Thereby a weld seam is 
created through the middle of 19 x 17 mm² samples. Afterwards the welded foils are analyzed with regard to 
deformation and appearance of the weld seam. The samples are not fixated by low-pressure or magnetic foils. 
It is observed that the weld process generates a deformation of the samples. The chronological development of 
this deformation is shown in Fig. 7. 
 
 
Fig. 7. Blind weld process at different times of irradiation (P = 20 W, v = 1 mm/s, dS = 0.35 mm) 
During the first 16 s of the irradiation process there is only a slight warping of the sample. Between 16 s and 17 s 
a sudden buckling of the sample occurs. This is connected with a lateral dislocation of the whole sample indicating a 
certain momentum. Remarkable is that the buckling does not happen in the same direction every time. About two 
thirds of the irradiated samples show buckling away from the laser optics (as seen in Fig. 7). The other third buckles 
in the opposite direction. These different folding directions can be noticed also with identical laser parameters. The 
observations confirm the assumption made during the simulations that the buckling mechanism takes effect. It is 
also described that the direction of the deformation caused by the buckling mechanism cannot be predicted. It can 
only be influenced by inserting certain preliminary stresses into the sample. But in this case no clamping device was 
used. It is assumed, that stresses which already exist in the silicon cause the different directions of deformation. 
Nevertheless these experiments confirm the results of the simulation. The deformation occurs abruptly, when the 
laser spot reaches a point about 2 – 3 mm before the edge of the sample. A microscopic analysis if the irradiated 
surface is shown in Fig. 8. 
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 Fig. 8. Surface of silicon sample with blind weld seam (P = 20 W, v = 1 mm/s, dS = 0.35 mm) 
The above mentioned dislocation of the sample causes a sharp unsteadiness within the weld seam. Around the 
seam dislocations of the crystal lattice are visible. These designate the heat affected zone. The transition between the 
lattice dislocations and the unaffected area of the surface is a point of origin for the formation of cracks. These 
cracks spread through the whole sample. 
4.2.2. Joining experiments 
First experiments concerning joining two silicon foils were also carried out. For these a lap joint is chosen. The 
two join partners are fixated by low-pressure and the magnetic foils. In Fig. 9 a microscopic and a corresponding 
cross sectional view are displayed. The top view reveals that a constant and clean weld seam can be achieved. The 
connection between the join partners has a width of about 100 μm. While the seam itself is free of cracks, the foil is 
broken besides the weld. This is caused by the thermal stresses induced by the laser radiation. Because of the 
clamping the foils cannot reduce the stresses by deformation. This leads to mechanical failure of the material. 
Would the samples be irradiated without fixation the resulting deformation would provoke a loss of contact between 
the join partners whereby a joint could not be established any more. 
 
 
Fig. 9. Top view and cross section of welded silicon foils (P = 34 W, v = 1 mm/s, dS = 700 μm) 
The main reason for the occurrence of stress is the thermal gradient emerging when using a spatially limited laser 
spot. In order to reduce the thermal gradient a second laser source (laser diode, wavelength 808 nm, max. power    
20 W) is integrated into the setup. This laser diode is used to preheat the sample before the actual welding with the 
fibre laser. First experiments using the additional laser diode are not successful yet. It is obvious that the power of 
the source is not sufficient to heat up the sample strong enough to achieve a beneficial effect. The resulting 
temperature gradient is still too high to prevent cracking during the welding process. Because of the laser diode’s 
limited power an enlargement of the preheated zone is currently not possible. However, the results of the 
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simulations show that a large-area heating is well suitable to decrease the temperature gradients. Further research 
will be done on time- and position-dependent temperature fields in order to heat and cool the substrates specifically. 
What furthermore attracts attention is the shape of the upper join partner’s edge (Fig. 9 right). This local increase 
of the thickness leads back to the high surface stress of the molten silicon which results therein that the material is 
being drawn back. This is another challenge for joining two substrates using a single moving laser spot, especially 
for the butt joint. Because of the observed behaviour, the two join partners depart from each other when molten and 
a joint cannot be established. 
5. Summary and outlook 
In this paper, a laser based method for joining thin silicon foils is described. By simulations the behaviour of the 
material when irradiated and molten can be examined. It is revealed, that the buckling mechanism is responsible for 
the manner of deformation. The results show furthermore, that high temperature gradients are the main cause for 
stress and result in deformation and cracks. A reduction of the temperature gradient by preheating however allows a 
drastic decrease both of stress and distortion. 
The first experiments confirm the results of the simulation. It is possible to join silicon substrates in lap joint with 
a clean and constant weld seam. However, the occurrence of cracks cannot be avoided so far. The increasing 
thickness of the edge of the samples when being molten is another aspect that has to be dealt with in order to 
establish stable weld joints. 
One approach is the application of a static homogeneous laser line instead of a single moving laser spot. The 
advantage of this approach is that the intensity of the irradiation can be varied over the whole length of the sample at 
the same time. Thus the temperature gradient along the weld seam can be reduced. A possible way to further 
improve the welding process is the generation of time and position dependent temperature fields. These could be 
induced with the help of a scanner system and allow a gentle heating and cooling of the substrates which leads to 
lower temperature gradients. 
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